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The relative stability of Al11Sm3 (Al4Sm) intermetallic phases was experimentally investigated
through a series of heat treatments followed by microstructural, microchemical, and X-ray
diﬀraction (XRD) analyses. The principal ﬁndings are that the high-temperature tetragonal
phase is stable from 1655 to 1333 K and that the low-temperature orthorhombic phases, a and
c, have no range of full stability but are metastable with respect to the crystalline Al and Sm
reference states down to 0 K. Thermodynamic modeling is used to describe the relative ener-
getics of stable and metastable phases along with the associated two-phase mixtures. Issues
regarding transition energetics and kinetics are discussed.
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I. INTRODUCTION
THE formation of crystalline phases in aluminum–
rare-earth (Al-RE) binary alloys has received consid-
erable attention due to a number of interesting
phenomena related to rapid solidiﬁcation,[1] glass
formation,[2,3] devitriﬁcation behavior,[4] and nanocrys-
talline applications.[5,6] In this work, we focus on the
binary Al-Sm system, a glass forming system that
exhibits a wider amorphous composition range than
many other Al-RE alloys and a number of intermetallic
crystalline phases whose relative stability has been
diﬃcult to assess.[7,8,9] Accordingly, we employ X-ray
diﬀraction (XRD) and electron beam microanalysis
methods to examine the stability of several phases with
the Al11Sm3 (or Al4Sm) stoichiometry and consider the
implications with respect to this portion of the equi-
librium phase diagram and reported devitriﬁcation
sequences.
The ﬁrst reports of stable Al-Sm intermetallic phases
are attributed to Iandelli[10] and toWernick andGeller,[11]
but the ﬁrst detailed and systematic study of this system
was reported by Buschow and van Vucht,[7] who used
microscopy as well as thermoanalytical and XRD meth-
ods to identify ranges of stability, crystal structure, and
lattice parameters for intermetallic phases of Al4Sm,
Al3Sm, Al2Sm, AlSm, and AlSm2 stoichiometries. The
results of Buschow and van Vucht[7] were subsequently
supported by the work of Casteels,[12] with several minor
reﬁnements of stability ranges and lattice parameters.*
Both of these reports also indicate that the tetragonal
Al4Sm (b) phase melts congruently at about 1723 K and
decomposes catatectically to liquid plus Al3Sm (d) on
cooling at approximately 1351 K (Table I provides the
phase symbols used throughout this article). The obser-
vation that this phase ‘‘melts on cooling’’ was signiﬁcant
in that it was notably diﬀerent from analogous Al4RE
phases in other Al-RE binary systems (e.g., Al4La,
Al4Ce, Al4Pr, Al4Nd, and Al4Pm), each of which exhibits
a tetragonal to orthorhombic transition with no decom-
position.[13] Examining this issue, Buschow and van
Vucht reported that the low-temperature a phase was
observed in one instance after repeated temperature
cycling of a 0.25 at. pct Sm sample, but that it was not
reproducible, concluding that the a phase is metasta-
ble[13,14] and that it may be stabilized by impurities. With
this issue of a phase stability remaining unresolved,
subsequently reported phase diagrams continued to
show the catatectic decomposition of the b phase.[15,16]
More recently, Saccone et al.[9] used a CALPHAD
approach to compute the Al-Sm phase diagram and,
because there was no clear experimental basis for
determining the relative stability of the a phase,
accounted for both situations, where the b phase may
(1) decompose catatectically to L + d or (2) transform
allotropically to the orthorhombic a phase.[9] The latter
case is shown in Figure 1, and a summary of observed
phases and phase stability reports is given in Table I.
In addition to the unresolved thermodynamic issues,
experimental reports of crystal formation in this system
involving both solidiﬁcation from the melt and the
devitriﬁcation of amorphous alloys are equally unclear.
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Rizzi et al.[17] investigated Al-Sm melt-spun ribbons,
showing that either b or fcc-Al may nucleate and grow
from the alloy (8 to 12 at. pct Sm) melt. Guo et al.[8]
examined crystallization in amorphous Al-Sm melt-spun
ribbons (8 to 14 at. pct Sm), employing 1-h (3600-s)
low-temperature (<900 K) annealing treatments,
reporting the following general isothermal crystalliza-
tion sequences:
ð8 at. pct SmÞ A! Aþ fcc! fccþ b ! fccþ c
ð10=12 at. pct SmÞ A! fccþ bþ e ! fccþ c
and
ð14at.pctSmÞ A! fccþbþg! fccþbþe! fccþc
A similar investigation of Al-8 at. pct Sm was
performed by Rizzi et al.,[18] who found that g does
not form from the glass and observed two diﬀerent
devitriﬁcation sequences, depending on whether any of
the g phase had nucleated from the melt:
ð1Þ A! / ! fccþ bþ e ! fccþ c
and
ð2Þ Aþ fccþ g ! Aþ fccþ b ! fccþ c
Wilde et al.[19] used glassy alloys produced by ambient
temperature mechanical alloying of Al-8 at. pct Sm
specimens to investigate the glass transition temperature
(Tg = 445 K
[19]) and crystallization. In that experiment,
it was observed that formation of a metastable Al4Sm
phase (not identiﬁed as b or c) preceded the formation of
the equilibrium Al and d phases during heat treating
between Tg (445 K) and 503 K.
While these andother experimental reports [7,8,12,13,18,20–23]
indicate that b is stable at high temperature (~1339 to
1723 K) and metastable at low temperature (below
~1339 K), the relative stability of the orthorhombic a and
c phases at low temperature is unclear, and the question as
to whether these phases have any range of full stability
Fig. 1—(a) Al-Sm phase diagram. (b) The metastable Al-Sm phase
diagram (with the d phase suppressed).
Table I. A Summary of Crystalline Phases Reported in the Binary Al-Sm System
Stoichio-metry Prototype Structure
Symbol
in Fig. 1 No.
First Principles
Reported as
DH (kJ/mol) Stable Metastable Observed
Al Cu cubic (A1) fcc 225 0 7,12,13 — 8,18
Al11Sm3-a Al11La3-a orthorhombic a 71 –31.68 23 — 7,13
Al4Sm-b Al4Ba tetragonal b 139 –28.09 7,12,13 — 8,18
Al4Sm-c Al4U orthorhombic c 74 –15.80 — 12 8,18
Al3Sm Ni3Sn hexagonal (D019) d 194 — 7,10,12,13 — —
~Al3Sm Al6DyV hexagonal e — — — — 8,18
? — cubic u — — — — 18
? — cubic g — — — — 8,18
Al2Sm Cu2Mg cubic (C15) r 227 — 7,10–13 — —
AlSm AlEr orthorhombic h 57 — 7,13 — —
AlSm2 Co2Si orthorhombic(C23) v 62 — 7,13 — —
Sm aSm trigonal (C19) rho 166 0 7,12,13 — —
Amorphous — — A — — — 8,18 —
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remains outstanding. It is in this vane that the current
investigation into the relative stabilities of the compounds
a, b, and c is primarily motivated. In addition, an
understanding of the complex devitriﬁcation sequences
observed in this system requires accurate quantiﬁcation of
the relevant energetics.
Our approach is to investigate the phase stability by
combining isothermal heat treatments followed by X-
ray and electron-beam microanalysis with ﬁrst principle
and solution-based thermodynamic calculations to
quantify the relative stability of the a, b, and c phases
and the respective equilibria between these phases, the
alloy liquid, and the relevant competing two-phase
mixtures. For our experiments, we employ a test alloy
composition of Al-18 at. pct Sm and perform heat
treatments between 973 and 1373 K, where we investi-
gate equilibrium between the liquid phase and the
various stable or metastable solid phases.
II. EXPERIMENTS
Alloy test specimens of Al-18 at. pct Sm were
prepared by arc melting the pure elements (0.99999 Al
and 0.999 Sm, by weight[24]) on a copper hearth in an
argon atmosphere. Each alloy specimen, of approxi-
mately 15 grams, was arc melted 3 times to ensure
homogeneity, placed in a closed graphite crucible, and
sealed in quartz under an argon atmosphere. Specimens
were heat treated using the temperature/time combina-
tions listed in Table II and quenched in water to room
temperature. Both as-cast and heat-treated specimens
were characterized using XRD with Cu Ka radiation,
scanning electron microscopy (SEM) with energy-dis-
persive spectroscopy (EDS), and electron probe micro-
analysis (EPMA) with wavelength dispersive
spectroscopy (20 kV, ~10 nA).
The typical microstructure for the as-arc-melted Al-18
at. pct Sm test alloy is shown in Figure 2(a). This
microstructure is comprised of a large fraction of
primary globular a phase, surrounded by an interglob-
ular eutectic constituent of a plus fcc-Al, as indicated by
the (0-hours) XRD results, as shown in Figure 3 and
listed in Table II. The EDS and EPMA microchemical
analyses, summarized in Table II, indicate an a phase
composition of xaSm ¼ 0:203, which deviates somewhat
from the composition xaSm ¼ 0:214 suggested by Bus-
chow and van Vucht[13] and proposed by Saccone
et al.[9] While our experimentally determined value of
xaSm may be taken to suggest an Al4Sm stoichiometry, we
point out that our X-ray measurements clearly indicate
the orthorhombic structure of the Al11La3 prototype.
We note here that a similar contradiction was addressed
by Gomes de Mesquita et al.,[14] who reported that the
low-temperature orthorhombic phase (a) has the stoi-
chiometry of Al11Sm3 and asserted that the b phase most
likely exhibits this stoichiometry as well, even though it
exhibits the tetragonal structure of the Al4Ba type.
Buschow and van Vucht[13] reconciled this issue by
surmising that the high-temperature phase (b) maintains
a tetragonal structure, where one-twelfth of the alumi-
num sites are vacant. Thus, they argue that vacancy
ordering is an essential feature of the b-to-a transition.
Phase composition measurements for the major phase
in heat-treated specimens are also summarized in
Table II, where each listed composition is an average
of ten measurements. For a temperature of 1173 K, we
observed that the a phase decomposition is very
sluggish, where the XRD data (Figure 3) indicate that
the d phase takes between 21 and 25 hours to form at
this temperature, consistent with the microstructures
shown in Figures 2(b) and (c). In specimens heated for
25 and 46 hours, shown in Figures 2(c) and (d), the
composition of the intermetallic phase was measured to
be 0.252 and 0.253, respectively (Table II), further
supporting the X-ray data, again indicating that the
a ﬁ L + d transition had already occurred.
Microstructural (Figure 4), chemical (Table II), and
X-ray (Figure 5) analyses from similar experiments
involving heat treatment temperatures ranging from
973 to 1293 K conﬁrm the relative stability of the L + d
mixture over that of the a phase throughout this
temperature range. An upper limit to the stability of
the d phase is indicated by the experimental result
obtained after heating to 1373 K for 25 hours, where we
observe only b in equilibrium with the liquid phase
Table II. Major Phase Identiﬁcation and Composition Measurements (±0.025) for Al-18 At. Pct Sm after the Indicated Heat
Treatment
T (K)
Annealing Time, Hours
0 5 10 20 21 22 25 46
973 xSm 0.204 a — — 0.249 — 0.251 — —
phase — — d — d — —
1073 xSm — 0.203 0.215 — — — —
phase — a a — — — —
1173 xSm 0.209 — — 0.203 — 0.253 0.252
phase a — — a — d d
1273 xSm — 0.251 — — — — —
phase — d — — — — —
1293 xSm — — — — 0.258 — —
phase — — — — d — —
1373 xSm — — — — — 0.202 —
phase — — — — — b —
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(upper trace in Figure 5). This ﬁnding is consistent with
the observations of Buschow et al.[7,13] and Casteels
et al.,[12] from which they conclude that the b phase is
stable at high temperatures (above 1321 and 1351 K,
respectively) up to its melting point at 1663 K.
III. FIRST-PRINCIPAL CALCULATIONS
To clarify the low-temperature stabilities of the
compounds a, b, and c, we compute the associated
zero-Kelvin enthalpies of formation using a ﬁrst-princi-
ples approach. The total energy of these phases, along
with the Al (fcc) and Sm (rhombohedral) references, are
computed using the VASP[25] code with Vanderbilt
ultrasoft pseudopotentials[26] (Monkhost 12 · 12 · 12 k
points with the high precision generalized gradient
approximation[27]). Relaxation of the b and c phases
was performed only with respect to speciﬁc volume, due
to the limited stability of these intermetallic compounds.
For the a phase, however, full relaxation with respect to
unit cell volume, shape, and internal atomic coordinates
was possible, do to its greater low-temperature stability.
The enthalpy of formation (DHf) for a given com-
pound is calculated as the diﬀerence between the energy
(E) of the compound and linear combination of the pure
element reference state energies,
DHf ¼ E xAlEfccAl  xSmErhoSm
The results, summarized in Table I, indicate that a, b,
and c intermetallic phases have a negative zero-Kelvin
energy with the a phase being the most stable among
them. The Gibbs free energies of these phases at non-
zero temperatures will be discussed in Section IV.
IV. DISCUSSION
The experimental data and ﬁrst principles calculations
described in the preceding sections indicate relative
phase stability at various speciﬁc conditions. To address
more generally the stability of the intermetallic phases,
particularly the Al11Sm3 (a) and Al4Sm (b, c) phases, we
employ a solution thermodynamics formulation, where
we describe the free energy of the general AlpSmq
compound as
GAlpSmq ¼ pGfccAl þ qGrhoSm þ DGAlpSmq
¼ pGfccAl þ qGrhoSm þ aAlpSmq þ bAlpSmqT
where GfccAl and
GrhoSm are the molar Gibbs free ener-
gies for Al(fcc) and Sm(rho),[28] respectively. The
details of the comprehensive treatment of the Al-Sm
binary system are described elsewhere,[29] but we use
Fig. 2—SEM images showing observed microstructures after heat
treating the as-arc-melted Al-18 at. pct Sm alloy at 1173 K for (a) 0 h,
(b) 21 h, (c) 25 h, and (d) 46 h (each followed by water quenching).
Fig. 3—XRD data for the alloys shown in Fig. 2.
1148—VOLUME 38A, JUNE 2007 METALLURGICAL AND MATERIALS TRANSACTIONS A
the model parameters, aAlpSmq and bAlpSmq , for both the
compound and liquid phases,[29] as listed in Table III,
to model the binary phase diagram, as shown in Fig-
ure 1. Figure 1(a) shows that the d phase is a stable
phase and that the d liquidus is the relevant equilib-
rium liquidus from 919 to 1333 K. Figure 1(b) shows
the calculated phase diagram, constrained to exclude
the d phase. This diagram exhibits the metastable a
liquidus between 906 and 1320 K, indicating that the
a phase is favored over the r phase and that the L + a
equilibrium becomes relevant if the d phase is suppressed.
This is consistent with our observation of primary a in
the as-cast specimens (Table I).
In Figure 6 (a), we directly compare the stability of the
various phases at xSm = 0.2 by plotting the Gibbs free
energies of a, b, and c, with respect to the liquid phase,
over the full range of relevant temperatures. In this plot,
we also include the Gibbs free energies for the
d + Al(fcc) and d + liquid two-phase mixtures, associ-
ated with the Al4Sm composition, and we identify the
relevant transitions involving stable or metastable
phases. The progression (on cooling) of stable phases is
identiﬁed as L ﬁ b ﬁ L + d ﬁ d + Al(fcc). The
plot also shows clearly that the equilibrium phase
diagram should include the b-L-d invariant, indicating
a b ﬁ L + d decomposition on cooling through
1333 K, as compared with experimental reports of
1321[7,13] and 1351 K.[12] Figure 6(a) also shows that
the b phase, which may grow either from an undercooled
melt or from an amorphous solid, is metastable below
1333 K, and, therefore, may transform into either a
(below 1135 K) or c (below 873 K). This is consistent
with the reports of Guo et al.[8] and Rizzi et al.,[18] where
c formation was observed to follow b formation in the
devitriﬁcation of amorphous ribbons. In Figure 6(b), we
plot the Gibbs free energy of the liquid and b phases and
compare them to the Gibbs free energy of the three
Fig. 4—SEM images showing observed microstructures after heat
treating the as-arc-melted Al-18 at. pct Sm alloy at (a) 973 K for
22 h, (b) 1173 K for 25 h, (c) 1293 K for 22 h, and (d) 1373 K for
25 h (each followed by water quenching).
Fig. 5—XRD data for the alloys shown in Fig. 4.
Table III. Thermodynamic Parameters for the Al-Sm
System[29]
Phase Parameter Value (J/mol)
Liquid 0LliqAl;Sm )80,524
0LliqAl;Al2Sm1 )26,012
0LliqAl2Sm1;Sm )42,022
DG0Al2Sm1 )144,212 + 35.854 T
Al4Sm-b DG
b
Al:Sm )23,121 - 6.202 T
Al11Sm3-a DGaAl:Al 21,708
DGaAl:Sm )34,800 + 1.344 T
DGaSm:Al 31,451.8
DGaSm:Sm 27,555.6
Al4Sm-c DG
c
Al:Sm )28,535
Al3Sm-D019 DG
D019
Al:Sm )48,386 + 8.342 T
Al2Sm-C15 DGC15Al:Sm )55,000 + 7.382 T
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relevant two-phase mixtures. This ﬁgure supports our
previous discussion concerning the metastable a liquidus,
as shown in Figure 1(b). Moreover, from these calcula-
tions, we note that relaxation of either the liquid or the b
phase to the a +Lmixture would relieve a large fraction
of the available free energy, leaving little driving force for
further relaxation to either the d +L or the d + fcc two-
phase mixture. While we have not addressed the kinetics
of these decomposition reactions, this result is consistent
with our experimental observation that very long
annealing times are required for the a + L ﬁ d + L
transition, as indicated in Figures 2 and 4 and in
Table II. In addition, the observed sluggishness of this
weakly driven transformation naturally raises a question
concerning the liquidus data reported by Saccone et al.[9]
(Figure 1). Given that their data were obtained using
continuous diﬀerential thermal analysis and that they did
not speciﬁcally conﬁrm the presence of either the d or the
a phase, we cannot rule out the possibility that their data
represent the metastable a liquidus rather than the full
equilibrium d liquidus.
We now consider our results brieﬂy with respect to
observed devitriﬁcation paths in Al-Sm alloys. While the
quantiﬁcation of complex devitriﬁcation paths requires
accurate thermodynamic descriptions and detailed anal-
ysis of the nucleation and growth kinetics pertaining to
the relevant stable and metastable phases, we forego this
comprehensive analysis here, and compare our results
with experimental reports,[8,18,19] considering only the
initial crystalline phases observed during devitriﬁcation
treatments, as shown in Figure 7. This ﬁgure shows that
reported devitriﬁcation occurs above Tg. Accordingly,
we compare the observed crystallization with the rele-
vant solid-liquid equilibria and note that the reported
data are consistent with our fcc and b liquidus curves.
V. SUMMARY AND CONCLUSIONS
We oﬀer the following key points from our analysis.
(1) For the overall composition of Al4Sm, liquid is stable
above 1655 K, the b phase is stable from 1655 to 1333 K,
the L + d mixture is stable from 1333 to 919 K, and the
fcc + d mixture is stable below 919 K. (2) The
orthorhombic intermetallic Al11Sm3-a and Al4Sm-c
phases have no range of full stability, but are metastable
down to 0 K, with respect to the Al(fcc) and Sm(rho)
reference states. (3) The b phase may decompose
catatectically to L + d below 1333 K or to L + a below
1329 K. Alternatively, b may transform allotropically to
a below 1135 K or to c below 873 K, where the Al4Sm
composition is maintained. (4) The decomposition of the
metastable a phase to either L + d or to fcc + d is only
Fig. 6—Gibbs free energy for the Al4Sm phases and the relevant
two-phase mixtures, computed with respect to the liquid phase.
Fig. 7—Metastable liquidus curves for the indicated phases.
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weakly driven and, therefore, very sluggish. (5) The
metastable phase diagram with extended fcc and b
liquidus curves is consistent with experimental reports of
initial crystallization behavior for the amorphous alloys.
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